Titanium is difficult to machine because of its intrinsic properties. In a previous study, the machinability of titanium was improved by alloying with silver. This study aimed to evaluate the durability of tungsten carbide burs after the fabrication of frameworks using a Ti-20%Ag alloy and titanium with a computer-aided design and computer-aided manufacturing system. There was a significant difference in attrition area ratio between the two metals. Compared with titanium, the ratio of the area of attrition of machining burs was significantly lower for the experimental Ti-20%Ag alloy. The difference in the area of attrition for titanium and Ti-20%Ag became remarkable with increasing number of machining operations. The results show that the same burs can be used for a longer time with Ti-20%Ag than with pure titanium. Therefore, in terms of tool life, the machinability of the Ti-20%Ag alloy is superior to that of titanium.
INTRODUCTION
Osseointegrated implant therapy using titanium implants has been developed and applied in dentistry over the past 40 years [1] [2] [3] . The long-term functioning of dental implants in the oral cavity has been confirmed. Although the treatment procedure was established to obtain good results, there is still room for improvement in dental implant therapy. For instance, it is desirable to fabricate implant components, such as fixtures, abutments, and superstructures, using a single metal for preventing galvanic corrosion. To date, only titanium, which can acquire osseointegration, has been used for implant fixture. However, titanium is not commonly used for the framework of superstructures because of its poor castability 4) . Besides casting, computer-aided design and computer-aided manufacturing (CAD/ CAM) has been developed as an alternative method to fabricate titanium dental prostheses. The development of the dental CAD/CAM system has enabled the fabrication of titanium prostheses with high precision. However, because titanium is difficult to cut 5) , implant superstructures consisting of titanium are not widely used in clinical dentistry. Thus, single metal restoration for dental implant therapy is still under development.
In order to improve the machinability of titanium, which affects the cutting force and tool life, some titanium alloys have been developed. Industrially, sulfur (S) and rare earth metals (REMs), such as cerium (Ce) and lanthanum (La), have been added to titanium to improve machinability 6, 7) . However, Oda et al. 8) pointed out that further consideration was needed before such alloys could be applied to dentistry. Thus, the addition of silver to titanium, instead of S and REMs, has been proposed to improve the machinability. Kikuchi et al. 9, 10) investigated the machinability of Ti-20 mass%Ag (hereafter, "mass%" will be referred to as "%") and Ti30%Ag and demonstrated that the machinability of these alloys could be improved. It was also reported that mechanical property, biocompatibility, and corrosion behavior were not degraded by silver addition. Takahashi et al. 11) demonstrated that the tensile strength of Ti-20%Ag was 1.6-fold greater than that of titanium. Furthermore, they investigated calcium phosphate precipitation on Ti-20%Ag alloy in simulated body fluid and reported that the biocalcification ability of Ti-20%Ag was the same as that of titanium 12) . In addition, Wang et al. 13) conducted Ames Salmonella/ microsome mutagenicity spot test and showed that Ti25%Ag alloy did not have mutagenic activity. Regarding the corrosion resistance, Takada et al. 14) and Takahashi et al. 15, 16) demonstrated that the addition of up to 20%Ag to titanium made no significant difference in the corrosion resistance of titanium. These findings suggest that the Ti-20%Ag alloy is suitable for the fabrication of dental prostheses. However, there is a lack of data on whether dental crowns can be fabricated with the titanium alloy as a superstructure of the implant component in a commercially available dental CAD/CAM system. Therefore, the present study aimed to evaluate the machinability of the Ti-20%Ag alloy by comparing the durability of tungsten carbide burs after the fabrication Machinability of an experimental Ti-Ag alloy in terms of tool life in a dental CAD/ CAM system of frames of incisor-facing crowns using a Ti-20 mass%Ag alloy and titanium in a dental CAD/CAM system.
MATERIALS AND METHODS

Ingot production for CAD/CAM machining
Experimental Ti-20%Ag alloy was produced by melting titanium sponge (>99.8%, grade S-90, Osaka Titanium Technologies, Amagasaki, Japan) and silver (>99.9%, Hirano Seizaemon, Tokyo, Japan) in an argon-arc melting furnace (TAM-4S, Tachibana-Riko, Sendai, Japan) into alloy ingots weighing approximately 20 g. Melting was performed after the chamber was evacuated to 5 mPa and high-purity argon gas (>99.9999%, Nippon Sanso Corporation, Kawasaki, Japan) was introduced to increase the pressure to 50 kPa. A titanium getter was melted before melting the materials. After the initial melting of each metal, the ingots were inverted five times during melting for a total of six times.
Production of experimental Ti-20%Ag blocks
In this study, experiments were performed using a dental CAD/CAM system (GN-1, GC, Tokyo, Japan) in which the machining program could be set arbitrarily.
As casting is a simple method for trial fabrication in a laboratory, the CAD/CAM machining blocks were manufactured by casting. An acrylic bar was cut to the size of the machining block (10×10×12 mm), and an acrylic screw was attached to the center of the base to produce a plastic pattern for casting. The pattern was attached to the center of a crucible former, which was then invested in a magnesia investment material (Selevest CB, Selec, Osaka, Japan). After heating the investment according to the manufacturer's instructions, casting was performed in an argon gas-pressure dental casting machine (Castmatic-S, Iwatani, Osaka, Japan). After casting, the blocks were left to cool to room temperature and removed from the investment.
Waterproof paper (#400) was used to remove a 250-μm-thick layer from each surface of the casting to ensure the removal of the α-case and produce the CAD/CAM machining blocks (9.5×9.5×11.5 mm). The micro Vickers hardness of every side of every block was measured using a micro Vickers hardness tester (HM-102, Mitutoyo, Kawasaki, Japan) with a 1.961-N load and 30-s dwell time at 5 places to confirm the removal of the α-case. The blocks were then bonded to a brass jig with epoxy adhesive and stored in a constanttemperature chamber at 37°C for 24 h to harden. Then, the blocks were used as the CAD/CAM Ti-20mass%Ag alloy blocks (Fig. 1) .
Production of titanium blocks
Titanium blocks (GN-1 titanium block, GC) were machined to produce CAD/CAM machining blocks of the same size as the Ti-20%Ag blocks. Fifteen blocks of each type were prepared. The micro Vickers hardness was measured at 5 locations in every side of every block. The hardness of Ti-Ag alloys and titanium was statistically analyzed through one-way analysis of variance (ANOVA) and Tukey's honest significant difference (HSD) test (α=0.05).
Evaluation of machinability using CAD/CAM 1. CAD/CAM machining program The blocks were machined into frameworks of incisorfacing crowns. During CAD/CAM machining, the machining pitch, bur feeding speed, and spindle rotation speed were chosen to ensure a balance between machining conditions such as the machining time and tool life, which is an extremely important matter for machining. The GN-1 program used in this study was a modified program for machining the crowns with the machining area adjusted to the block size. The program was developed by the developers of the system.
The machining was performed in 14 processes using five machining burs (Fig. 2) : a φ2.5-mm drill (hereafter D2.5), φ2.0-mm flat end (hereafter F2.0), φ3.0-mm ball end (hereafter R1.5), φ2.0-mm ball end (hereafter R1.0), and φ1.0-mm ball end (hereafter R0.5). From preliminary experiments, the rate of volume removal using the machining burs used in this experiment was expected to be roughly D2.5:F2.0:R 1.5:R1.0:R0.5=3:20:60:15:2(%). Thus, D2.5 and R0.5 were infrequently used, and almost all machining was performed with the remaining three burs. Five bar sets each were prepared for the Ti-Ag alloys and titanium.
Three frameworks were constructed using the same burs. The function of the GN-1 system to halt the machining process automatically when the operating time of the burs reaches a pre-determined time was canceled in advance. Before the first machining and after each machining operation, three burs (F2.0, R1.5, and R1.0) out of five were observed using a scanning electron microscope (SEM, JSM-6060, JEOL, Tokyo, Japan). The burs were immersed in acetone and cleaned ultrasonically for 10 min and fixed on a special jig to observe them in the same direction. The SEM images of the same burs obtained before and after machining were superimposed and traced manually to determine the attrition area. The attrition area was then calculated using a software (Image J, Research Services Branch of the NIH) (Fig. 3) . The attrition area for each bur after each machining operation was normalized by its mean value for the first machining of titanium. The normalized values were statistically analyzed through two-way ANOVA and Tukey's HSD test (α=0.05). In addition to the burs, the surfaces of the machined frames were also inspected by macroscopy and SEM analysis to detect any differences between the titanium and Ti-20%Ag alloy.
RESULTS
The three frameworks were successfully machined using both Ti-20%Ag and titanium with no bur fracture during machining. The values of Vickers hardness of Ti-20%Ag and titanium were 248±5 (mean ±SD) and 156±2, respectively. The hardness of Ti-20%Ag was significantly higher than that of titanium (p<0.01). Figure 4 shows representative SEM images of a bur after usage in the machining. The area of attrition of the F2.0 bur after machining was extremely small for all cases of both Ti-20%Ag and titanium. Therefore, the attrition area was regarded as 0. Figure 5 shows the fraction of attrition area for the cutting tool of R1.5 after each machining operation against that of the first machining of titanium. The attrition area tended to increase with machining for both Ti-20%Ag and titanium, although there was no significant difference (p>0.05). The attrition area for titanium was significantly larger than for Ti-20%Ag (p<0.01). The ratios of the attrition area for titanium to the mean attrition area after the first machining of titanium were 147% after the second machining and 164% after the third machining. In comparison, the attrition area ratios for Ti-20%Ag were 32% after the first, 52% after the second, and 74% after the third machining. Even after the third machining, the area of attrition for Ti-20%Ag was approximately 75% of the attrition area for the first machining of titanium.
In the case of R1.0 (Fig. 6) , the attrition area increased with the machining number. The area after the third machining was significantly larger than the area after the first machining (p<0.01). The attrition area for titanium was significantly larger than for Ti20%Ag (p<0.05). There was a significant interaction between the machining number (first, second and third) and the metal (titanium and Ti-20%Ag) (p<0.05). The influence of the machining number was remarkable in titanium, and the influence of the metal was remarkable in the third machining (p<0.01). The cutting edge of the bur was observed to be chipped more with increasing machining number, especially in the case of the titanium. The area of chipping was included in the attrition area.
Regarding the machined frame, discoloration was observed at the lingual side in two frames out of five titanium samples after the first machining (Fig. 7) . The same discoloration was observed at the same location in four samples after the second machining and in all samples after the third machining. The discoloration site showed slight deformation and slight outward bulging. On the other hand, the discoloration was not evident for any of the Ti-20%Ag samples even after the third machining. In the SEM analysis, the surfaces of the titanium samples became rough with increasing machining number, whereas the surfaces of Ti-20%Ag hardly differed (Fig. 8) . Clear cutting marks were observed in the Ti-20%Ag samples, whereas they were unclear in the titanium samples. 
DISCUSSION
The goal of the current study was to develop an implant prosthetic procedure with a single alloy. At present, titanium and titanium alloy are considered the only metallic materials suitable for implant therapy. However, pure titanium has low machinability, and the tool life of machining burs is extremely short with pure titanium. For example, with the GN-1 program used in the present study, the tool life of the R1.0 bur recommended by the manufacturer is 55 min while one machining operation of the framework takes 25 min. The developer and manufacturer repeated their own proprietary experiments to calculate the tool life of the bur, setting the tool life to 80% of the average lifespan. According to the manufacturer's recommendation, the same bur can be used for two machining operations. In the present study, we found that the same burs can be used for three or more machining operations with Ti20%Ag. The GN-1 system used a group of 5 burs for all machining operations. Most machining operations, however, is performed using F2.0, R1.5, and R1.0. In the present study, approximately 95% of the total machining was performed using these three burs. The machining using R1.5 accounted for around 60% of the total machining. Therefore, we focused on the evaluation of these three burs using a special jig that enabled us to compare the attrition area of different burs in the same direction. For F2.0, the attrition area after three machining operations of both Ti-20%Ag and titanium was extremely small, and was regarded as almost 0. The bur was responsible for machining the inner surface of a cylinder drilled by D2.5 into a general shape of the abutment tooth and removing the outer part of the incisal area, which is not related to the shape of the frame. Since these tasks require rough machining, the machining pitch was set to twice that of the other burs. Because this bur is made of the same tungsten carbide material as the other burs, with the exception of D2.5, a large amount of attrition was expected to occur, but no fracture of the edge area or area of attrition was observed after machining. This is attributable to the driving direction of the F2.0 bur. The F2.0 machining was the only process comprised of uniform machining on two axes, implying that the load on the tip area of F2.0 was extremely low compared with the those of other burs, which were used to perform machining simultaneously on three axes (including the height direction). R1.5 was responsible for all of the main machining in this program. This process was expected to constitute around 60% of the total amount of machining. The results from this bur were therefore the most important in this study. The attrition area tended to increase with increasing machining number. The attrition area of the titanium was significantly larger than that of Ti-20%Ag. Despite the fact that the hardness value of Ti-20%Ag was higher than that of titanium, the area ratio after the third machining remained at approximately 75% for the first machining of titanium, suggesting that the experimental Ti-20%Ag alloy possesses excellent properties in terms of machinability. The properties were clearer at R1.0. The attrition area for titanium remarkably increased with increasing machining number, while the area for Ti-20%Ag slightly increased. The difference in area between titanium and Ti-20%Ag became remarkable with increasing machining number.
Regarding the analysis of frames, discoloration (regarded as scorch marks) and outward bulging deformation were observed in the titanium samples but not in the Ti-20%Ag samples. The discoloration was probably caused by frictional heat generated during the machining, and the deformation was probably caused by the large cutting force. These findings suggest that the machinability of titanium is lower than that of Ti20%Ag. Furthermore, the unclear cutting marks on the surface of the frame made by titanium also indicate that the titanium cannot be cut sharply and, in turn, that the machinability is low. The discoloration and deformation increased with the machining number and were observed in all titanium samples after the third machining. The analysis of the burs used and the frame suggests that Ti-20%Ag has better machinability than titanium, and with Ti-20%Ag, the burs can be expected to function for longer than the manufacturer's recommendation.
